ABSTRACT: A recent study reported that Acinetobacter baumannii could induce autophagy, but the recognition and clearance mechanism of intracytosolic A. baumannii in the autophagic process and the molecular mechanism of autophagy induced by the pathogen remains unknown. In this study, we first demonstrated that invading A. baumannii induced a complete, ubiquitin-mediated autophagic response that is dependent upon septins SEPT2 and SEPT9 in mammalian cells. We also demonstrated that autophagy induced by A. baumannii was Beclin-1 dependent via the AMPK/ERK/mammalian target of rapamycin pathway. Of interest, we found that the isochorismatase mutant strain had significantly decreased siderophore-mediated ferric iron acquisition ability and had a reduced the ability to induce autophagy. We verified that isochorismatase was required for the recognition of intracytosolic A. baumannii mediated by septin cages, ubiquitinated proteins, and ubiquitin-binding adaptor proteins p62 and NDP52 in autophagic response. We also confirmed that isochorismatase was required for the clearance of invading A. baumannii by autophagy in vitro and in the mouse model of infection. Together, these findings provide insight into the distinctive recognition and clearance of intracytosolic A. baumannii by autophagy in host cells, and that isochorismatase plays a critical role in the A. baumannii-induced autophagic
. Recent reports also demonstrate that AMPK and mTOR coordinate mammalian autophagy initiation (9) . Selective autophagy is a lysosome-dependent pathway by which large cytosolic components are selectively sequestered and degraded, and substrate selectivity is conferred by ubiquitination and recruitment of ubiquitin-binding receptors (e.g., NDP52 and p62) (10) (11) (12) (13) . The different adaptor proteins are matched to various intracytosolic bacteria and could lead to diverse autophagy pathways and outcomes (14) . Previous studies have demonstrated that bacterial virulence factor, such as a-hemolysin, is required for the activation of the autophagic pathway in host cells (15) . A recent study reported that out membrane protein (Omp) 33-36 of A. baumannii could induce autophagy (16) ; however, it is still unclear how host cells recognize and clear intracellular A. baumannii through autophagy and what the possible mechanism of autophagy may be.
Active Fe 3+ uptake from the environment is an important process for bacterial growth, and proliferation and is achieved by siderophore-mediated ferric iron acquisition (17, 18) . It was demonstrated that isochorismatase-like hydrolases were necessary for bacterial siderophoremediated ferric iron acquisition, as the siderophore is hydrolyzed from isochorismate with isochorismatase (19) . A. baumannii could encode an isochorismatase superfamily hydrolase (20) . A recent report has demonstrated that iron starvation could induce autophagy in mammal cells (21) , but the role of isochorismatase in the innate immune response to bacterial infection was unclear.
In this experiment, we show that A. baumannii isochorismatase is critical for siderophore-mediated ferric iron acquisition from the environment, and isochorismatase is required for activation of autophagic response, for recognition of intracytosolic A. baumannii mediated by septin cages and adaptor proteins, and for clearance of invading A. baumannii by autophagy in vitro and in vivo, and we clarified the molecular mechanism of autophagy caused by A. baumannii.
MATERIALS AND METHODS

Antibodies, chemicals, plasmids, and strains
Unless stated otherwise, all reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). See Table 1 for a list of plasmids and strains used in our study. All strains were grown in tryptic soy broth medium. Antibodies used in our study are described in the Supplemental Data.
Construction of the isochorismatase complementation strain DACJ6
The assay was performed as previously reported (22) . The isochorismatase parental allele was PCR amplified by using total strain 98-37-09 DNA as a template, Pfu DNA polymerase, and primers (forward: 59-CGGGATCCATGAAACAAGCACTATT-AGTTATC-39; and reverse: 59-CGCCTAGGTTAAGATTTTG-CTAGAAAGTCAG-39), both of which included BamHI restriction sites. Amplicon was ligated into the BamHI site of A. baumanniiEscherichia coli shuttle vector pWH1266 and transformed into E. coli cells. Plasmid DNA from an ampicillin-resistant, tetracyclinesensitive transformant, named pMUiso, was conjugated to the isochorismatase mutant ACJ6 cells by using triparental mating with E. coli DH5a that harbored pRK2073 as a helper. A. baumannii transconjugants that harbored complementing plasmid pMUiso were recovered by plating onto Simmons citrate agar that contained kanamycin (40 mg/ml) and ampicillin (500 mg/ml). The presence and stability of pMUiso in the complemented strain DACJ6 were confirmed by restriction analysis and DNA sequencing of plasmid DNA isolated from cells cultured in LB broth that contained 200 mg/ml ampicillin.
Quantitative real-time PCR
Total RNA was isolated from bacteria by using GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) and reverse transcribed by using RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany). RNA concentration was determined with Nanodrop (Nanodrop Technologies, Wilmington, DE, USA). Quantitative real-time PCR was performed as previously reported (16) . The following primers were used: Omp33-36 expression gene mapA: forward: 59-CAAGATGCTGTAACTGCTCGTACT-39; reverse: 59-CAATAGCCATGTTAGTGCCATC-39; isochorismatase gene: forward: 59-ACTCGTGATCACAGGCATGA-39; reverse: 59-ACTCGTGATCACAGGCATGA-39; and 16sRNA, which was used to normalize other gene expression: forward: 59-CAGCTCGTGT-CGTGAGATGT-39; reverse: 59-CGTAAGGGCCATGATGACTT-39.
Detection of the iron metabolism indexes
Siderophore production in strains was analyzed as previously described (23) . The siderophore chelate ring of the strain 98-37-09, ACJ6 strains, and the isochorismatase mutant reverant DACJ6 were observed and the radius of each chelate ring was detected. Presence of catechol in supernatants of bacterial cultures grown for 48 h was detected as previously described (24) . Phenolic compounds were measured in the solution by using the Arnow assay (25) . The number of siderophores in solution was also determined and calculated by measuring the optical density (OD) at 630 nm with a microtiter ELISA reader (Molecular Devices, Foster City, CA, USA) (23) .
Cells and cell cultures
HeLa, THP-1, and MH-S cells were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA) and maintained in RPMI 1640 medium that was supplemented with 10% fetal bovine serum. All cell culture reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cells were incubated at 37°C with 5% CO 2 . THP-1 cells were differentiated into macrophage-like cells with 10 ng/ml phorbol myristate acetate for 24 h.
Mice
Male BALB/c mice (age 5-8 wk) were maintained under specific pathogen-free conditions in individual ventilated cages. All experiments were performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of the People's Republic of China and approved by the Animal Welfare and Research Ethics Committee at Jilin University (IZ-2009-008). Protocols were reviewed and approved by the committee.
Infection experiments in vitro
Bacteria were grown overnight in tryptic soy broth medium at 37°C with vigorous shaking. The next day, bacteria were pelleted by centrifugation at 8000 g and resuspended in RPMI 1640 medium. Thereafter, OD 600 was measured, and the density was adjusted to an OD of 0.6 (1 3 10 8 cells/ml). Cells were cultured in serum-free and antibiotic-free RPMI 1640 medium for 12 h before infection (10) .
In vivo A. baumannii infections
A. baumannii infection mouse model and detection of the autophagic response were as previously described (26, 27) . Three groups of 3 mice each were i.p. infected with 0.5 ml of a bacterial suspension that contained 3.5 3 10 4 colony-forming units (CFU) of A. baumannii. After 24 h, mice were i.p. injected with rapamycin at 1 mg/kg/d or 3-methyladenine (3-MA) at 24 mg/kg/d for 4 d. Stock solutions were diluted in PBS. A control group of 3 mice and rapamycin positive control group of 3 mice were also used. All mice were euthanized on d 5. Peritoneal macrophages were isolated and spleens were collected, then homogenized in saline. Proteins were extracted to detect LC3 expression, and CFUs were determined by plating serial dilutions of cells on trypticase soy agar plates. The strain used in this experiment includes the wild strain 98-37-09, the isochorismatase mutant ACJ6, and the complementation strain DACJ6.
Transmission electron microscopy
Cell cultures were washed twice with PBS and pelleted at the bottom of 1.5-ml Eppendorf tubes by centrifugation at 1000 rpm for 5 min. Samples were performed as previously described (10) . Finally, autophagosome-like vesicles were examined under a transmission electron microscope (H-7650; Hitachi, Tokyo, Japan).
Western blotting
Western blots were performed as previously described (10) . Protein bands were detected by using the ECL Plus kit (P0018; Beyotime Biotechnology, Jiangsu, China), and images were obtained by using a CanoScan LiDE 100 scanner (Canon, Tokyo, Japan). Protein blots were analyzed by using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Confocal microscopy and immunofluorescence staining
We performed immunofluorescence staining as previously described (14) . Images were captured by using an Olympus FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan) with a 360 objective lens. Image analyses and export were performed by using a FluoView (v1.7.3.0; Olympus) (12) .
Transfection and short hairpin RNA-mediated knockdown of specific protein expression in HeLa cells
Transfection and knockdown was performed as previously described (10) . In brief, HeLa cells were grown to 60% confluence in glass-bottomed cell culture dishes and 6-well plates and were transfected with plasmids by using the X-tremeGene HP DNA transfection regent (Roche, Indianapolis, IN, USA) according manufacturer instructions. Gene knockdown efficiency was evaluated by Western blotting and observed by a confocal laser-scanning microscope. A nontargeting vector was used as negative control.
Analysis of bacterial growth within cells
The internalization and phagocytosis of bacteria within cells and the ability of macrophages to remove bacteria were determined by using the gentamicin protection assay. Number of intracellular bacteria was also determined by CFU quantification by using a previously described assay (28) (29) (30) (31) .
Statistical analysis
Results are expressed as means 6 SD. Data were analyzed using a 2-tailed Student's t test. Differences were considered significant when P , 0.05. All experiments were performed at least three times.
RESULTS
Isochorismatase is critical for siderophoremediated ferric iron acquisition in A. baumannii
In this study, we first investigated the relationship between isochorismatase and siderophore-mediated ferric iron acquisition ability in the A. baumannii strain. Some indexes related to iron metabolism were detected by comparing differences in the iron metabolism among the isochorismatase mutant A. baumannii strain ACJ6, its wildtype strain 98-37-09, and the complementation strain DACJ6. Chrome azurol S assays showed that both strain 98-37-09 and DACJ6 could form the obvious siderophore chelate ring, whereas the radius of the chelate ring of the ACJ6 strain was significantly smaller than that of strain 98-37-09 and DACJ6 (Supplemental Fig. S1A , B; P , 0.01). Similarly, the presence of catechol in supernatants of bacterial cultures and arnow colorimetric assay showed that the production of catechol in the supernatants of the ACJ6 cultures was significantly less than that of strain 98-37-09 and DACJ6 (Supplemental Fig. S1C , D). These results indicated that the ACJ6 isochorismatase mutant strain produced much fewer siderophores than its parent strain (P , 0.05).
Isochorismatase is required for invading
A. baumannii to induce autophagic response in vitro and in vivo Next, we verified that A. baumannii infection induced an autophagic response in vitro. The pmRFP-LC3 plasmid was used to transfect HeLa cells, and confocal microscopy images were semiquantitatively analyzed to determine the portion of significant LC3 puncta in the cells. It was observed that the LC3 puncta in the cells were significantly increased in the A. baumannii-infected and rapamycin (an autophagy activator)-treated HeLa cells (Fig. 1A) , whereas the number of puncta in the 3-MA (an autophagy inhibitor)-pretreated, A. baumannii-infected cells was lower than that of infected cells. Results demonstrated that A. baumannii could induce autophagy in HeLa cells, which was inhibited by pretreatment with 3-MA. To further prove the A. baumannii infection-induced autophagic response, we analyzed the changes in LC3 expression level in HeLa cells after A. baumannii ATCC 19606 T infection. Results showed that the ratio of LC3-II/ LC3-I in the infected group was much higher than that in the control group (P , 0.05; Fig. 1B ), and the lysosomotropic agent chloroquine-treated cells showed increased expression of lipidated LC3-II after A. baumannii ATCC 19606
T infection (P , 0.05); the accumulation of LC3-II in the A. baumannii-infected host cells did not result from inhibiting degradation. We also found that there were distinct levels of LC3 expression among the autophagic responses induced by different A. baumannii clinical strains, including ATCC 19606 T , S1, J1, M2, and 98-37-09, and strain 98-37-09 exhibited the most significantly increased ratio of LC3-II/I (P , 0.05; Supplemental Fig. S2A ). Our data also proved that the A. baumannii-induced autophagy occurred in a dose-and time-dependent manner by detecting the LC3 expression level with Western blotting; the ratio of LC3-II/I increased significantly at 2 h postinfection, the optimal infection time is 3 h, and the optimal multiplicity of infection is 10:1 (Supplemental Fig. S2B, C) .
Because isochorismatase was identified to be involved in iron metabolism, and iron starvation could induce the autophagic response (32), we compared autophagy levels in HeLa cells infected with the A. baumannii isochorismatase mutant strain ACJ6, its wild-type strain 98-37-09, and the complementation strain DACJ6. We observed that strain ACJ6 did not induce a detectable autophagic response, whereas strain 98-37-09 and DACJ6 induced a significant autophagic response, as determined by the number of LC3 puncta (Fig. 1C ) or LC3 expression analysis (Fig. 1D) . Together, these data suggested that isochorismatase might be necessary for the autophagy induced by A. baumannii in vitro.
To further investigate the autophagic response caused by A. baumannii in vivo and the related effect of isochorismatase, we detected LC3 expression in A. baumannii-infected mouse peritoneal macrophages or in the spleen of a mouse model of infection. The ratio of LC3-II/I was significantly increased in A. baumannii-infected mouse peritoneal macrophages in vitro compared with control group (P , 0.05) and was higher than that of the 3-MA-treated group (P , 0.05; Supplemental Fig. S2D ). Similar results were found in the mouse model of infection. The ratio of LC3-II/I in spleens of the A. baumanniiinfected group was much higher than in the control group (Supplemental Fig. S2E ). These data showed that isochorismatase was also necessary for autophagy induced by A. baumannii in primary macrophages.
To investigate whether Omp33-36 of A. baumannii could induce autophagic response, we detected the expression level of Omp33-36 and isochorismatase gene in strains 98-37-09, ACJ6, and DACJ6. Results showed that no significant difference of Omp33-36 expression was observed among these strains (Supplemental Fig. S1E ), whereas expression levels of the isochorismatase gene in strains 98-37-09 and DACJ6 were much higher than in the mutant ACJ6 (Supplemental Fig. S1F ). It indicated that the difference in autophagic response between 98-37-09 and ACJ6 was only related to isochorismatase.
We also detected the existence of newly formed autophagosomes in HeLa cells. The number of autophagic vesicles with double membranes was significantly increased in the 98-37-09-infected HeLa group compared with control group, and the bacteria was observed inside the vesicles clearly ( Fig. 1E ; P , 0.05). This phenomenon was similar to that found in cells treated with positive autophagy inducer rapamycin, whereas 3-MA decreased the formation of autophagosomes in A. baumannii-infected cells. Moreover, the isochorismatase mutant strain ACJ6 induced fewer autophagosomes and autophagic vesicles (P , 0.05). T for 2 h (MOI = 10:1). Before infection, HeLa cells were pretreated with rapamycin, chloroquine (CQ; 50 mM, 3 h), or 3-MA. *P , 0.05 compared with control group; # P , 0.05 compared with the Ab group. C) HeLa cells were transfected with the pmRFP-LC3 plasmid for 24 h. Then, cells were infected with the A. baumannii strain 98-37-09, ACJ6, or DACJ6 for 2 h and observed by confocal microscopy. The percentage of LC3-RFP puncta cells was calculated. *P , 0.05; **P , 0.01. D) HeLa cells were infected with strain 98-37-09, ACJ6, or DACJ6 for 3 h, and Western blotting for LC3 was performed. **P , 0.01. E) Autophagosome formation after infection with A. baumannii in HeLa cells was examined by transmission electron microscopy. HeLa cells were infected with strain 98-37-09 or ACJ6 (MOI = 10:1) for 2 h. Before infection, cells were treated with rapamycin or 3-MA. Black arrows indicate the autophagosomes with double membranes, white arrow indicates the bacteria inside the autophagic vesicles (AVs). Scale bars, 1 mm. The number of AVs in each cell from 20 cells in each sample was determined. *P , 0.05 and **P , 0.01 compared with control group; Together, the results of the transmission electron microscopy organelle analysis reconfirmed that isochorismatase is required for autophagosome formation caused by A. baumannii within host cells.
A. baumannii induces a complete autophagic response
Autophagy can clear some pathogens via autolysosome degradation (10) and can also help some pathogens survive in the infected cells when incomplete autophagy occurs (33) . To discover whether A. baumannii induced a complete autophagy, we used a mRFP-GFP tandem fluorescently tagged LC3 plasmid (ptfLC3), which contains both red and green fluorescent proteins tagged to the LC3 protein. When the autophagosomes form in the cells, red and green puncta could be observed at the same point (10); however, when autolysosomes form, the GFP signal is lost, but RFP-LC3 continues to be expressed and represents the LC3 puncta. After infection with strain 98-37-09, we found increased numbers of red and green LC3 puncta, and there were more red puncta than green puncta in the HeLa cells ( Fig. 2A) . To further corroborate whether intracytosolic A. baumannii induced the fusion of autophagosomes with lysosomes, we incubated FITC-labeled, A. baumanniiinfected HeLa cells with Hoechst 33342 and the antibody to lysosomal-associated membrane protein-1 (LAMP-1), a marker of late endosomes/lysosomes that to colocalizes with bacteria during autolysosome maturation. Results showed that FITC-labeled A. baumannii was surrounded by LAMP-1 (Fig. 2B) . To determine whether A. baumannii resides in an acidic vesicle, we stained HeLa cells with antibodies to LAMP-1 and LysoTracker DND 99 (Fig. 2C) , a weak lysosomotrophic base that accumulates and fluoresces within acidic vesicles. Results suggested that at 2 h postinfection, a majority of A. baumannii are inside LAMP-1-surrounded acidic vesicles. Our data indicated that the autophagosomes efficiently fuse with the lysosomes in A. baumannii-infected cells (34, 35) . Previous studies have demonstrated that decreased p62 expression was also an important index for determining autophagic degradation (36); therefore, we simultaneously detected the LC3 and p62 expression levels in 3 cell lines, HeLa, MH-S, and THP-1 cells (Fig. 2D) . The level of p62 expression was decreased in all 3 cell lines (P , 0.05), whereas that of LC3-II was increased (P , 0.05). This demonstrated that the A. baumannii-induced autophagy was a common response in mammalian cells. Together, these data confirmed that intracellular A. baumannii could induce a complete autophagic response and promote autophagic degradation in mammalian cells.
Isochorismatase is required for the recognition of intracytosolic A. baumannii mediated by septin cages, ubiquitinated proteins, and ubiquitin-binding adaptor proteins in autophagic response
To investigate whether the E3 ubiquitin ligase, leucine rich repeat and sterile alpha motif containing 1 (LRSAM1), and the ubiquitin-binding adaptor proteins, p62 and NDP52, are associated with the recognition of intracytosolic A. baumannii during autophagy, we used immunofluorescence staining in the A. baumannii-infected HeLa cells. First, colocalization between the internalized bacteria and the endogenous LRSAM1, NDP52, p62, or ubiquitin proteins in HeLa cells was analyzed. The kinetics showed that peak LRSAM1 localization to the bacteria (60 min) occurred before peak bacterial ubiquitin, P62, and NDP52 colocalization (90 min; Supplemental Fig. S3A ). Then, we observed colocalization between different adaptor proteins, the LC3 puncta, and the intracellular bacteria (Fig.  3A) . Further analysis showed that at 75 min postinfection, 84.00 6 6.08% of ubiquitinated proteins (FK2 mAb to ubiqutinated proteins) in the bacteria colocalized with LRSAM1, and 81.67 6 7.54% of LRSAM1 + bacteria were colocalized with ubiquitinated proteins (Supplemental Fig. S3B ). We also found that 80.00 6 6.43% of ubiqutinated proteins in the bacteria colocalized with p62, and 85.33 6 4.33% of the p62 + bacteria colocalized with ubiquitinated proteins. In addition, we observed that 83.67 6 6.98% of ubiquitinated proteins in the bacteria colocalized with NDP52, and 89.33 6 4.81% of NDP52 + bacteria colocalized with ubiquitinated proteins (Supplemental Fig. S3B ). These results indicated that most of the intracellular ubiqutinated proteins in the A. baumannii strains colocalized with LRSAM1, p62, or NDP52. This suggests that LRSAM1, p62, and NDP52 were involved in the early event of autophagy and may be recruited to bind to the ubiquitinated proteins that surround the intracellular A. baumannii. Pairwise combination staining was performed to further investigate the relationship among p62 and NDP52 adaptor proteins and the ubiquitin ligase LRSAM1 in the autophagic response induced by intracytosolic A. baumannii. We found that there was cooperation between each pair of p62, NDP52, and LRSAM1 proteins during A. baumannii infection (Supplemental Fig.  S3B ). Our results showed that at 75 min postinfection, 71.33 6 7.51% of the NDP52 + bacteria colocalized with p62, whereas 78.33 6 6.06% of p62 + bacteria colocalized with NDP52, and 74.33 6 8.09% of NDP52 + bacteria colocalized with LRSAM1. Thus, p62 and NDP52 are recruited to the same bacteria, with similar kinetics. This is consistent with previous reports in Salmonella that show that LRSAM1 may be localized to the intracellular bacteria and generate the bacteria-associated ubiquitin signal. Then, it would be bound by the ubiquitin-binding adaptor proteins p62/SQSTM1 and NDP52, which results in the recruitment of the autophagic machinery (12) . Of interest, when we inspected the subcellular distribution of ubiquitin-binding adaptor proteins p62 and NDP52, we found that the puncta labeled with one adaptor protein did not colocalize with the other during intracellular A. baumannii infection, similar to results reported in Salmonella (37). We suspect that p62 and NDP52 can target nonoverlapping microdomains around bacteria. To investigate the course of the autophagic response, LAMP-1 and the LC3 puncta were detected at 75 min postinfection (Supplemental Fig. S3B) , and colocalization level of LAMP-1 with the LC3 + bacteria was 80.33 6 5.18%. SEPT2 and SEPT9 are 2 cytoskeletal septins that have been reported to be involved in the initial steps of autophagy (13, 14) . Some studies have also indicated that ubiquitin-binding adaptor proteins, p62 and NDP52, target some intracytosolic bacteria, such as Shigella, to a septin-dependent autophagy pathway (13) . Our results showed that at 75 min postinfection, 89.67 6 3.48% of the A. baumannii-septin cages recruited NDP52, whereas 90.67 6 3.93% of A. baumannii-septin cages recruited p62.
Most p62 and NDP52 were recruited to the same A. baumannii entrapped by septin cages, which suggests that the recruitment of p62 and NDP52 is dependent upon septins ( Fig. 3A and Supplemental Fig. S5B ). To further corroborate whether the recruitment of NDP52 or P62 is dependent upon septins, we used short hairpin RNA (shRNA) to deplete SEPT2 or SEPT9 in HeLa cells (Fig. 3B,  C) and evaluated NDP52 or P62 recruitment to A. baumannii 98-37-09 in these septin-depleted cells. In the SEPT2-or , and observed by using confocal microscopy. Arrows indicate the LC3 puncta, which could only be detected in the RFP channel. Red and green LC3 puncta were counted in 50 LC3 puncta cells respectively. B) HeLa cells were infected with FITC-labeled strain 98-37-09 for 2 h (MOI = 10:1) and were then immunostained for LAMP-1 and analyzed by confocal microscopy. Arrows indicate the bacteria inside the autophagic vesicles (AVs) marked with LAMP-1. C ) HeLa cells were infected with strain 98-37-09 for 2 h (MOI = 10:1), incubated with 50 nM of LysoTracker for 1 h at 37°C, and then immunostained for LAMP-1 and analyzed by confocal microscopy. Arrows indicate the acidic LysoTracker and bacteria inside the AV marked with LAMP-1. D) HeLa, THP-1, and MH-S cells were infected with strain 98-37-09 for 2 and 3 h. Then, Western blotting for LC3 and p62 was performed and ratios of LC3-II/I and p62/b-actin were calculated. Data are representative of 3 experiments with similar results. *P , 0.05 compared with control group from the same cell line; **P , 0.01. SEPT9-depleted cells, both NDP52 and p62 recruitment were significantly reduced (P , 0.01; Fig. 3D, E) . These results indicated that p62/SQSTM1 and NDP52 target intracytosolic A. baumannii to septin-dependent autophagy pathways. We also detected LC3 expression level, and the results showed that SEPT2 or SEPT9 knockout significantly decreased the autophagic response induced by A. baumannii (Fig. 3F, G) .
In particular, our results showed that the ACJ6 isochorismatase mutant strain rarely induced ubiquitinated proteins or p62, NDP52, and SEPT2 recruitment compared with the wild-type strain (Fig. 3H, I ), which demonstrated that A. baumannii isochorismatase is required in the recognition step of the autophagic response. Collectively, these data indicated that the ubiquitinated protein, the E3 ligase LRSAM1, the adaptor proteins p62 and NDP52, and septins were recruited and cooperated to target the intracellular A. baumannii and induce the autophagic response.
Isochorismatase is required for the clearance of invading A. baumannii by autophagy in vitro and in vivo
To examine the role of isochorismatase in the clearance of invading A. baumannii from host cells in vitro, we used strain 98-37-09, its mutant ACJ6, and the complementation strain DACJ6 to infect HeLa, MH-S, and THP-1 cells. Within 60 min, the CFU of intracellular bacteria were regarded as the internalization of HeLa cells, or the phagocytosis of macrophages. After 120 min postinfection, the CFU presented the results of the clearance effect by autophagy. Results of strain DACJ6 were similar to 98-37-09 in all 3 cell lines. No difference was found between the number of the intracellular strain 98-37-09 and that of ACJ6 in MH-S cells and THP-1 cells within 60 min postinfection (Fig. 4B, C) . The number of intracellular strain 98-37-09 was found to be significantly less than that of ACJ6 in MH-S and THP-1 cells at 2 and 6 h postinfection (Fig. 4B, C) . This implied that isochorismatase had no effect on phagocytosis of A. baumannii in macrophages, whereas isochorismatase was essential for the clearance of invading A. baumannii by autophagy in macrophages. However, the number of intracellular strain 98-37-09 was found to be much greater than that of ACJ6 at 30 min, 60 min, 2 h, and 6 h postinfection in HeLa cells (Fig. 4A) . We also calculated the ratio of the number of intracellular bacteria at 2 and 6 h to that at 60 min postinfection In HeLa cells (Fig. 4D) . It was found that the ratio of the number of the mutant strain was much higher than that of the wild-type strain, whether 2 h to 60 min postinfection or 6 h to 60 min postinfection.
These data showed that isochorismatase of A. baumannii might play a different and complex role in HeLa cells.
To further investigate the effect of isochorismatase on the autophagic response caused by A. baumannii in vivo, we detected the bacterial burden in A. baumannii-infected mouse peritoneal macrophages or in the spleen of a mouse model of infection. The number of intracellular strain 98-37-09 and DACJ6 was much lower than that of its mutant ACJ6 (P , 0.05) in infected peritoneal macrophages (Fig.  4E) . Similar results were found in the bacterial burden in the spleen. The bacterial burden in the spleens of strain 98-37-09 and DACJ6 infected group was significantly lower than that of ACJ6 (Fig. 4F) . Results showed that isochorismatase also plays an important role in clearance of A. baumannii in vivo. Collectively, our data indicate that isochorismatase is required for clearance in host cells defense against invading A. baumannii by autophagy in vitro and in vivo.
A. baumannii induces a Beclin-1-dependent autophagy via the AMPK/ERK/mTOR pathway
To assay the possible pathways that are involved in autophagic response induced by A. baumannii (38), we detected the expression of some key kinases of the AMPK/ ERK/mTOR pathway. Our results showed that the phosphorylations of mTOR, p70S6K, and 4E-BP1 were significantly decreased in HeLa, THP-1, and MH-S cells at 2 h postinfection with strain 98-37-09 compared with uninfected cells, and reached a minimum at 3 h, whereas phosphorylations of Akt and AMPK were increased (Fig.  5A) . Phosphorylations of ERK, JNK, and p38 were increased after 2 h of infection with strain 98-37-09 in HeLa, THP-1, and MH-S cells, and phosphorylation levels reached a maximum at 3 h (Fig. 5A) . Pretreatment with MEK inhibitor U0126 (10 mM) inhibited ERK phosphorylation and increased mTOR phosphorylation, whereas it had no obvious effect on AMPK phosphorylation (Fig.  5D ). U0126 could decrease the level of LC3-II expression in cells infected with strain 98-37-09 (Fig. 5B, C) . These data suggest that A. baumannii induces autophagy via the AMPK/ERK/mTOR pathway, in which AMPK was upstream of ERK, whereas mTOR was downstream of ERK.
In addition, we detected the expression level of Beclin-1 in A. baumannii-infected HeLa, THP-1, and MH-S cells. We found that A. baumannii infection increased Beclin-1 expression in all 3 infected cell lines (Fig. 5E ), which implied that the A. baumannii-induced autophagic response may be mediated by Beclin-1. To further corroborate the correlation between Beclin-1 and A. baumannii-induced autophagy, we used specific shBeclin-1 plasmids to knock D) HeLa cells were infected with strain 98-37-09 for 75 min (MOI = 10:1) after being transfected with shSEPT2, shSEPT9 plasmids, or a negative control shRNA plasmid for 24 h and then coimmunostained with an NDP52 antibody, a p62 antibody, and Hoechst 33342. E ) The number of colocalized bacteria in 50 infected cells per group was measured by confocal fluorescence microscopy. F, G) LC3 expression level (F) of the SEPT2 or SEPT9 knockout HeLa cells infected with strain 98-37-09 for 2 h (MOI = 10:1) was analyzed by Western blotting (G ). H ) HeLa cells were infected with ACJ6 for 75 min (MOI = 10:1) and then coimmunostained with NDP52, p62, and SEPT2 antibodies and Hoechst 33342. I ) The number of colocalized bacteria in 50 infected cells per group were measured by confocal fluorescence microscopy. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Scale bars, 20 mm. *P , 0.05; **P , 0.01; ***P , 0.001. down the expression of Beclin-1 (Fig. 5F ). It was found that the number RPF-LC3 puncta in 98-37-09-infected HeLa cells transfected with the shBeclin-1 plasmid was significantly decreased compared with cells transfected with the negative shRNA plasmid and the control group (P , 0.05; Fig. 5H, I ). To further examine this pathway, we analyzed an autophagy-related major downstream protein, Atg7. Atg7-specific knockdown (Fig. 5G) significantly decreased the number of RPF-LC3 puncta in 98-37-09-infected HeLa cells compared with the control group (P , 0.05; Fig. 5H, I ). We also found that shBeclin-1 and shAtg7 significantly decreased the level of LC3 expression in the 98-37-09-infected HeLa cells compared with cells transfected with the negative shRNA plasmid and the control group (Fig.  5J, K) . Together, these results indicated that Beclin-1 plays a central role in the mechanisms of autophagy induced by A. baumannii.
DISCUSSION
Recently, many publications have indicated that autophagy is very important in pathogen infections. Some microorganisms induce autophagy to help host cells clear these organisms, whereas other microorganisms may have the opposite effect (10, 29, 30) . In this study, the puncta labeling or Western blot assays showed that A. baumannii induced an increase of LC3-II in HeLa, THP-1, and MH-S cells, whereas the AJ6 isochorismatase mutant strain rarely induced this autophagic response, and the complementation strain DACJ6 could induce obvious autophagy. In addition, strain ACJ6 induced fewer autophagosomes and autophagic vesicles. These findings were confirmed by transmission electron microscopy, which is regarded as the only solid proof of autophagy induction. Results of organelle analysis reconfirmed that A. baumannii infection can induce autophagy and that isochorismatase may play a role in autophagic induction.
It has been reported that ubiquitinated proteins are involved in bacterial autophagy (39) , and subsequent studies have revealed that p62 and NDP52 act as adaptors to ubiquitinated proteins that surround Salmonella typhimurium, Shigella flexneri, Listeria monocytogenes, invasive E. coli, and Burkholderia cenocepacia in bacteria-induced autophagy (11, 37, 40, 41) . Recently, LRSAM1, an E3 ubiquitin ligase, has been shown to aid in the recognition of intracellular bacteria (12) . Our kinetics results showed that LRSAM1 localization to A. baumannii (40 min) peaked before peak bacterial ubiquitin, P62, and NDP52 colocalization (60 min) and verified that LRSAM1 was responsible for autophagy-associated ubiquitination of A. baumannii. We found that most of the intracellular ubiqutinated proteins in the A. baumannii strains colocalized with LRSAM1, p62, or NDP52 at 45 min postinfection, and a population of LC3 + A. baumannii colocalized with p62, NDP52, or LRSAM1. This suggested that ubiquitin, LRSAM1, NDP52, and p62 participated in initiating autophagy in A. baumannii-infected HeLa cells, and the pairwise combination staining results showed that there was cooperation between each pair of p62, NDP52, and LRSAM1 proteins during A. baumannii infection. This indicated that LRSAM1 may localize to intracellular A. baumannii to generate a ubiquitin signal and then be bound by the ubiquitin adaptor proteins p62/SQSTM1 and NDP52, which results in recruitment of the autophagic machinery. Furthermore, we found that p62 and NDP52 are recruited to the same bacteria with similar kinetics, which was similar to the results in Salmonella (12); however, although LRSAM1 and NDP52 each colocalized with intracellular bacteria, they never colocalized with each other at the same point. It indicated that they seemed to localize to separate subdomains around bacteria spatially. The same situation was also found in the relationship of p62 and NDP52. These conclusions were similar to previous reports (12, 40) . Recent reports have also demonstrated that septins, a cytoskeletal component, were found to be recruited along with autophagy proteins to cage S. flexneri in the cytosol of infected cells and restrict bacterial dissemination (13, 14) . We found that both SEPT2 and SEPT9 depletion decreased the recruitment of ubiquitin, p62, and NDP52 to wild-type A. baumannii. Thus, accumulation of ubiquitinated proteins and targeting of A. baumannii for autophagy by p62 and NDP52 are dependent on septins. We found that most intracellular A. baumannii could recruit ubiquitinated proteins, NDP52, p62, LRSAM1, and SEPT2, but only some of them induced LC3 puncta formation at the earlier time point. This may imply specific kinetics for the recognition of A. baumannii by ubiquitinated proteins and ubiquitin adaptors and the subsequent induction of the autophagic response.
Isochorismatase-like hydrolases were required for siderophore-mediated ferric iron acquisition (27) . Isochorismate was hydrolyzed by isochorismatase to form siderophore, which could combine with iron ions. Siderophores are regarded as key virulence factors in many pathogens, and iron starvation caused by some bacterial infections could induce autophagy in host cells (21, 32) . A. baumannii encodes an isochorismatase superfamily hydrolase (20) , but its roles in A. baumannii virulence and immunoreactions have not been studied. Our study proved that the ACJ6 isochorismatase mutant strain produced much fewer siderophores than its parent strain 98-37-09 and the complementation strain DACJ6. And we found the isochorismatase mutant strain could hardly induce autophagy.
On the basis of our results that the isochorismatase mutant strain could not induce autophagy, further studies were performed to identify the role of isochorismatase in the autophagy process. Our immunofluorescence staining results showed that strain ACJ6 could not induce ubiquitinated proteins p62, NDP52, and SEPT2 recruitment compared with the wild-type strain. This demonstrated that A. baumannii isochorismatase is required in the recognition step of the autophagic response. We suggested that A. baumannii isochorismatase affected the level of bacteria-induced autophagy in host cells by enhancing recruitment of adaptor proteins. We also compared the internalization difference between strain 98-37-09 and its mutant ACJ6 in HeLa cells, the phagocytosis difference in MH-S and THP-1 cells, and the autophagic clearance difference in these 3 cell lines. In previous pathogen infectionrelated studies, the optimal time of internalization in epithelial cells and the best time of phagocytosis in macrophages was between 30 min and 2 h, whereas most studies used 2 h postinfection as the time of bacteria clearance to detect the effect of autophagy (28) (29) (30) . A reported study about Acinetobacter strains proved the phagocytosis of Acinetobacter strains in macrophages (J774A.1 cells) started after 5 min postinfection, and 1 h was the time of maximal uptake (31) . According the previous reports, we compared the internalization of 98-37-09 and its mutant in HeLa cells and phagocytosis in MH-S cells and THP-1 cells at 15, 30, and 60 min postinfection and the clearance of bacteria at 2 and 6 h postinfection. Our data showed that isochorismatase was necessary in the clearance of intracellular bacteria by autophagy in macrophages, but in HeLa cells, isochorismatase might play a different and complex role. Internalization and clearance of intracellular bacteria by autophagy were influenced by isochorismatase of A. baumannii in HeLa cells.
Autophagy, a complex process, involves a series of steps, such as initiation, nucleation, maturation, merging with lysosomes, etc. In the initiation phase, inducers or nutrition status could regulate some signal molecules, such as AMPK, MEK, ERK, mTOR, and Akt to initiate autophagy (42) . In this study, we demonstrated that A. baumannii induced autophagy via the AMPK/ ERK/mTOR pathway. A recent study has indicated that AA starvation can cause the dispersion of mTOR complex 1 from late endosomes/lysosomes. Therefore, we suggested that A. baumannii-induced mTOR suppression is a result of host amino acid starvation, which is similar to results from Shigella and Salmonella infection (7) . Recent findings demonstrated that the ERK pathway is crucial to autophagy activation and provides a mechanistic link between the innate immune receptors and induction of autophagy against cytoplasm-invading microbes, such calculated. D) The ratio of p-AMPKb, p-ERK, and p-mTOR to b-actin was calculated. E ) Western blotting of Beclin-1 in 98-37-09-infected HeLa, THP-1, and MH-S cells. F, G) Western blotting of Beclin-1 (F ) and Atg7 (G) in HeLa cells. H ) HeLa cells were transfected with pmRFP-LC3 plasmid for 24 h and then transfected with the shRNA negative control, shBeclin-1, or shAtg7 plasmids for 48 h before cells were infected with strain 98-37-09 for 2 h. Confocal images show the induction of the LC3 puncta.
I ) The number of puncta in each cell was determined, and cells with .10 puncta were considered LC3-RFP puncta cells. Data are representative of 100 cells. J, K ) Western blotting for LC3 was performed. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. Data are representative of 3 experiments with similar results. *P , 0.05 compared with 98-37-09-infected cells without shRNA plasmid; **P , 0.01; as L. monocytogenes (8) . AMPK is an energy sensor in all eukaryotes and is activated by ATP depletion or glucose starvation (43, 44) . AMPK was believed to activate autophagy via inhibition of mTOR complex 1 (45). Ouchi et al. (46) demonstrated that AMPK activation increased Akt signaling. In this study, we noticed that Akt phosphorylation was increased in the 3 cell lines after A. baumannii infection. Some previous reports have indicated that Akt phosphorylation mirrored mTOR phosphorylation (47) . Similar to our findings, recent studies indicated that Akt phosphorylation was correlated with Pseudomonas aeruginosa invasion, and that the PI3K signaling pathway was necessary and sufficient for P. aeruginosa entry (10, 48) . Thus, we speculated that Akt activation may be related to the invasion and internalization of A. baumannii. By using MEK inhibitor U0126, we demonstrated that A. baumannii infection may cause glucose starvation, which activates AMPK, then activates ERK and down-regulates mTOR, followed by the activation of autophagy (49) . Our results also demonstrated Beclin-1 might take part in the second step of autophagy, a nucleation process. Recently, the Beclin-1-Atg7-Atg5 pathway was suggested to be involved in autophagy induced by P. aeruginosa (10) . In our study, we found that autophagy induced by A. baumannii was Beclin-1-dependent through knocking out Beclin-1 and Atg7.
On the basis of the results of this study, autophagy induced by A. baumannii infection was complicated. We have summarized the bacterial recognition and the pathways involved in A. baumannii-induced autophagy in macrophages in the schematic shown in Fig. 6 . Of most importance, our data also confirmed that isochorismatase was required for the recognition of A. baumannii and the activation of the autophagic pathway both in vitro and in vivo.
In summary, this study demonstrated for the first time, to our knowledge, that intracellular A. baumannii can induce complete autophagy in host cells, and it illustrated the mechanism of recognition and pathogen clearance associated with autophagy, which depended on A. baumannii isochorismatase. These findings provide basic data for pertinent treatment options on the basis of the innate immune response against A. baumannii infection. 
